Abstract-Laser ablation (LA) is an emerging technology for mini-invasive treatment of tumors, and operates by damaging cancer cells by means of focused light-induced selective heating. In-situ temperature monitoring, with micro-sensors, may be particularly beneficial for both estimating in real-time the LA efficacy, and build prediction and controls for LA procedures. In this paper, we present our latest results on spatially resolved temperature monitoring, based on fiber Bragg grating (FBG). We used in-line FBG arrays based on 6 and 35 FBGs to achieve spatially resolved thermal sensing in LA applied to porcine pancreas. The main experimental results and their implications are hereby discussed.
I. INTRODUCTION
Methods based on thermal ablation are increasingly applied in medicine for cancer care [1] [2] [3] [4] : by inducing an increment of temperature, spatially confined around a tumor, it is possible to selectively kill cells in a restricted volume around the ablation device. Techniques based on radiofrequency [1] [2] , microwave [4] , high-intensity focused ultrasounds [4] are established or emerging as clinical procedures.
As a complimentary approach to the aforementioned methods, laser ablation (LA) makes use of light to heat up the tumor tissue [5] [6] [7] . The principle of operation of LA is based on radiating light to the point of treatment, through a miniature applicator. A LA system is based on 3 building blocks:
(1) A mid-power laser (5-20W), operating typically in the IR-A spectral range. Typical medical-grade systems operate with Nd:YAG solid-state lasers at 1064 nm [5] [6] . Recently, there is an increasing research in 1064-nm Yb-doped lasers and diodepumped fiber lasers [8] .
(2) A delivery fiber, that collects light from the laser source and transmits it to the point of treatment. Multi-mode fibers are typically chosen for this task.
(3) An applicator, typically fabricated on the tip of the delivery fiber, which controls the light emission.
Most systems operate with a frontal-firing system [5] [6] , relying on the inner fiber focusing. In order to spread light more uniformly onto the target tissue, microstructured applicators [8] or radialfiring fibers [9] have been documented.
LA is employed to treat tumors in liver, lungs, prostate, brain [7] and, more recently, pancreas [5] [6] . Compared to more traditional procedures, LA provides a mini-invasive approach, as the fiber applicator is miniaturized, and can be applied repeatedly and even on non-surgical patients.
Temperature is the main driver of LA, as cellular death is a function of both temperature values and their persistence [10] [11] . For short treatments, 60°C is an empirical threshold for defining the contour of the ablation area, as such temperature corresponds to a nearly instantaneous death. Thus, a promising solution to improve LA outcome is the measurement of temperature at the point of treatment [12] . It is essential that probes used in LA monitoring obey to the following requirements: microscopic footprint and cabling, in order to avoid detrimental alterations of to the ablation pattern; small active area; biocompatibility, in compliance to ISO 10993 standard, that is widely accepted by both Food and Drug Administration and European Union; MRI-compatibility; tensile strength sufficient to sustain penetration in the tissue; measurement of temperature with the narrowest possible spatial density.
The first generation of thermal ablation probes was based on thermocouples [13] and fluorescence-based sensors [14] ; these approaches are effective in single-point thermal detection, but are based on invasive probes which suffer from metrological problems in temperature estimation [12] .
The last generation of fiber-optic sensors (FOSs) is a more suitable task for thermal ablation monitoring. The first example of sensor based on fiber Bragg grating (FBG) was presented by Webb et al. in 2000 . Nowadays, FBG sensors are experiencing significant updates, particularly on fabrication. While in the '00s, industrial FBGs were individually fabricated with the phase mask technique, the draw-tower based fabrication [16] that has been recently consolidated [17] allows fabricating arrays of narrowly spaced FBG, for affordable cost. The emergence of femtosecond laser FBG inscription [18] is also progressively breaking the current limitations on FBG length and spacing, and may soon result in FBG sensing arrays with capillary density. FBG arrays have been recently applied in monitoring ex-vivo LA [5, 8, 12] ; draw-tower fabricated FBGs have also been recently documented for RF ablation monitoring [19] .
Other techniques, alternative to FBGs have been recently reported. In [20] a chirped FBG (CFBG) was used as a distributed sensor: the CFBG is interpreted as a cascade of FBGs, each sensing a different temperature. Although the CFBG can, virtually, remove the resolution limitations of standard FBGs, it requires a demodulation procedure that is still under development. In [21] a distributed temperature system, based on Rayleigh backscattering demodulation, was used to perform distributed sensing in RF ablation. This methodology, albeit effective, is economically demanding, as the interrogator is more expensive than the LA setup itself; in addition, performances are limited by a tight trade-off between spatial resolution, accuracy, and measurement speed.
In this paper, we report our latest results on the application of FBG sensors to ex-vivo LA. A solid-state laser system with standard single-mode delivery fiber has been used to perform LA on porcine ex vivo liver. A fiber-optic FBG sensing system has been applied; two FBG arrays have been deployed, having 6 and 35 FBGs, to monitor temperature during the heating and cooling phases. FBGs have been inserted through a miniature needle, in order to mimic percutaneous insertion.
The paper is arranged as follows: Sect. II describes the principles of FBG sensors; Sect. III describes the setup used for LA and FBG sensing; Sect. IV describes the experimental results and their implications; finally, in Sect. V we draw conclusions.
II. FBG SENSORS

A. Principle of operation
An FBG is an intrinsic sensor, fabricated inside the core of an optical fiber [22] . It consists of a periodic modulation of the refractive index of the fiber core. This pattern, results in a wavelength-selective behavior, as shown in Fig. 1 : the FBG behaves as a reflection filter, which reflects a narrow spectrum centered around the Bragg wavelength and transmits all the other wavelengths. For a grating having period Λ and effective refractive index n eff , the Bragg wavelength λ B,0 , which corresponds to the peak of reflectivity in absence of any thermal stimuli is given by [15, 22] : Erdogan's coupled mode theory [23] provides a closedform expression for an FBG reflection spectrum R(λ), where λ is the wavelength, starting from the generic Bragg wavelength λ B :
where L is the grating length, and κL is the grating strength, a unitless number tipically ranging from 0.5 to 2 for a uniform FBG. The parameter σ accounts for the wavelength dependence:
where δn eff is the amplitude of the refractive index modulation.
When a temperature variation is applied, or the FBG is mechanically strained, the Bragg wavelength changes according to a linear function [22] . Since in LA we aim at thermal detection, we assume that no strain is applied on the FBG; as a result the Bragg wavelength is a function of the temperature variation ΔT:
where the thermal sensitivity coefficient ξ has typical value of 10 pm/°C and is calibrated prior to employ the FBG. Eq. (1-4) provide the working principle of an FBG sensor, which is decoded in the wavelength domain.
Each FBG is sensitive to the temperature applied on its active grating length; with most detection systems, such as the one presented in this paper, the FBG approximately responds to the average temperature along the FBG length. Spatially resolved measurements are based on wavelength division multiplexing (WDM), as in Fig. 1 . An array of FBG is fabricated within the same fiber, each FBG having different Bragg wavelengths: since each FBG reflects one wavelength and is transparent to the other ones, the overall reflection spectrum will have comb shape, each wavelength being unambiguously tied to each FBG.
B. Demodulation
For a chain of F FBG sensors, all of them detected with a spectrometer or a FBG analyzer [8, 12, 19] on the N-size wavelength grid λ 1 , λ 2 , …, λ N , the demodulation task aims at estimating all F peak wavelengths, and consequently all temperature variations by solving Eq. (4). As opposite to wavelength-scanning systems, which can easily achieve wavelength resolution of 1-10 pm, spectrometers operating in the third optical window sample the spectrum with poor resolution. Most spectrometers operate on a wavelength grid ranging from 1520 nm to 1600 nm, with N = 512 samples unequally spaced, hence having an average resolution of 156 pm, which is not sufficient for accurate sensing.
Our methodology for demodulation is divided into sequential steps. In first place, a peak identification routine identifies the F peak in the optical spectrum: this is performed by computing the spectral derivative, and then estimating the position of the zero-crossing, which corresponds to the FBG peak. At this stage, the peak location is not accurate as it is still limited by the spectrometer resolution. However, this peak identification is used to separate the overall spectrum into F slices, each corresponding to one FBG.
In a second step, the peak position is estimated by using the centroid algorithm:
computed on each spectral slice. Then, temperature is estimated by Eq. (4), using the coefficient ξ obtained during calibration. By using all the spectrum information, rather than just the peak position, it is possible to abate by roughly two orders of magnitude the accuracy, achieving approximately 0.1°C. The use of the centroid algorithm allows operating even with unequally spaced wavelength grid. In case the spectral sampling is too coarse, it is possible to use a polyphase interpolation to resample the spectrum.
III. ABLATION AND MEASUREMENT SETUP
Two setups have been prepared for laser ablation and FBG measurement experiments. The first system, depicted in Fig. 2 , measures the temperature along the longitudinal ablation axis, mimicking a medical device that can operate in vivo. The LA source is a Nd:YAG solid-state laser source (Echolaser, Elesta s.r.l.) emitting at 1064 nm and paired with a laser controller (LC), as in [5] . The source is coupled in a large-core fiber, and a beam splitter controls the output power to around 1.8W. The output fiber is positioned through a needle into the animal tissue. The pancreas tissue has been purchased from locally bred pigs, in accordance to EU's 3R criterium, and refrigerated until the measurement.
The optical setup is based on a white-light system as in [24] . A superluminescent light emitting diode (SLED, Exalos 2100 series) with 1 mW output power on 60 nm bandwidth, centered at 1550 nm, is used as light source; the SLED is mounted on its control board supplying constant current. The SLED is coupled in a single-mode fiber. A 3-dB coupler is used to couple the light to the output arm, and collect the backreflection in the output FBG analyzer (FBGA) device; the FBGA is a spectrometer (Ibsen Photonics, I-MON-512 USB) which operates on the 1520-1600 nm, and has user-adjustable integration time. All interrogation devices have been embedded in a portable box, as in Fig. 3 . In the first setup, we used an array of 6 FBGs, fabricated by FBGS International with draw-tower method [16] [17] on bendinsensitive ormoceramic fibers. The array contains 6 FBGs, all having 0.5 cm active length, and equally spaced peal wavelengths, and having 0.5 cm void length between each FBG. The FBG array is longitudinally inserted into the tissue through a needle, which is removed after the insertion leaving the fiber in place. The coefficient ξ is equal to 10.2 pm/°C.
In the second setup, depicted in Fig. 4 , we aim at presenting a different measurement system that performs measurement not only along a single axis, but around a tridimensional shape. For this task, we use a chain of 35 FBGs, fabricated on the same fiber as in the previous measurement. The chain of FBGs is divided in 7 arrays of 5 FBGs, each having 0.5 cm length and 0.5 cm spacing; each array is separated from the next array by about 10 cm of blank fiber. This allows the fiber to be inserted perpendicularly from the ablation axis, crossing the tissue 7 times and therefore allowing extracting temperature data in several points around the ablation sphere. We used a calibrated device to facilitate precise fiber insertion. The remainder of the setup is as in Fig. 2-3 . 
IV. EXPERIMENTAL RESULTS
A first preliminary result is featured in Fig. 6 , which shows the temperature estimated by each of the 6 FBGs used in Fig.  2-3 . In this experiment, ex vivo pig liver underwent LA performed by a Nd:YAG laser for about 260s at constant power (insert Value of power), in continuous wave (CW). In the chart, we report the temperature estimation, without compensation artifacts as proposed in [12] . The peak tip of the delivery fiber is approximately lying between the FBG3 and FBG4, and the fiber containing the array of FBG is parallel to the applicator, and approximately 0.8 cm distant. In a first instance, we notice that temperature patterns are different from previous works, such as [6, 12] : this can be due to the different fiber packaging, as in our experiments we operate with a 250-μm buffered fiber, which appears to absorb more heat. The FBG3 immediately reacts to the LA application, and shows a fast heating up to 100s, then it stabilizes to a nearly constant value; some fluctuations may be due to strain acting on the fiber, which detunes temperature estimate. FBG4 instead shows a different pattern: temperature rises with a slower slope for the first half of the procedure, then an almost linear rise is observed until the laser is turned off. The other FBGs show a very small temperature increment, which is almost linear throughout the procedure for FBG2, while FBG5 shows an initial heating when the laser is turned off, as an effect of heat propagation in the tissue from the inner parts to the borders.
Albeit preliminary, this experiment shows that the FBG measurement is capable of recording a different heating speed in different portions of the tissue, and confirms the heat propagation model typical of LA. Fig . 7 shows the result of an experiment of LA, performed for approximately 140s (laser turned off at 360s and turned off at 500s), operating in CW. The chart shows the result of each of the FBG sub-arrays, composed by 5 FBGs; the first 5 arrays are reported, for a total of 35 temperature estimates. The first and fifth arrays do not exhibit visible temperature estimation, while the inner arrays provide a temperature rise that is noticeable particularly by FBG5, which is positioned closer to the ablation plane. Different temperature slopes are experienced in each part of the tissue volume exposed to LA.
To the best of your knowledge, Fig. 7 represents the first example of three-dimensional-like temperature measurement in thermal laser ablation; authors are currently working to data interpretation, in order to consolidate the measurement methodology to a tool for LA outcome estimation and prediction.
V. CONCLUSIONS
Laser ablation is an emerging technique for mini-invasive cancer care, which is progressively consolidating as a clinical procedure, and is expected to undergo significant technological changes, in particular thanks to fiber lasers and microstructured fibers. Temperature estimation may be important to provide a real-time metric of LA efficacy, and a tool for LA outcome prediction. In this work, we propose a methodology based on FBG array sensors, densely spaced to provide spatially resolved measurement. We performed a measurement campaign with 2 different setups, one based on a longitudinal array of 6 FBGs, and one based on a chain of 35 FBGs, arranged for a 3D-like measurement. Future work is expected to consolidate the methodology, and incorporate FBG and delivery fiber into an embedded laser applicator.
